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We propose experimental methods to engineer reservoirs at arbitrary temperature which are
feasible with current technology. Our results generalize to mixed states the possibility of quantum
state engineering through controlled decoherence. Finite temperature engineered reservoirs can
lead to the experimental observation of thermal entanglement –the appearance and increase of
entanglement with temperature– to the study of the dependence of finite time disentanglement
and revival with temperature, quantum thermodynamical effects, among many other applications,
enlarging the comprehension of temperature dependent entanglement properties.
PACS numbers:
For the vast majority of experimentally controllable
and measurable quantum systems, interaction with the
environment leads to a decoherence process that rapidly
and irreversibly destroys the quantum properties of the
studied system. Decoherence impedes the large scale ap-
plications of quantum mechanics, as quantum informa-
tion and quantum metrology. Such unavoidable coupling
between a system and an inaccessible environment priv-
ileges so-called pointer states [1]. When interaction with
the reservoir prevails over the system’s free Hamiltonian,
the specific properties of the system–environment cou-
pling determine the steady, or more stable states of the
considered system. Decoherence owes its bad reputa-
tion to the fact that, for experimentally relevant situa-
tions, these steady states usually do not display nonclas-
sical properties. However, quantum reservoir engineer-
ing [2, 3, 5] showed that decoherence can be rendered
compatible with the preservation of quantum properties.
Indeed, by judiciously engineering the effects of exotic
system–reservoir couplings, quantum states with useful
quantum properties, such as entanglement or quantum
coherence [6–10], can turn out to be the steady states
of the decoherence process. Reservoir engineering can
be used to protect interesting quantum states from deco-
herence, even in the case where a “natural” reservoir is
present [3, 4]. As a matter of fact, an engineered reser-
voir can dominate a system’s dynamics, turning the total
system’s steady state arbitrarily close to its own steady
state, that can be controllably chosen.
The experimental implementation of reservoir engi-
neering became achievable with the rapid technological
development of quantum devices [11, 12]. Recent ex-
perimental results demonstrate the production of steady
maximally entangled states through controlled dissipa-
tion in trapped ions [6, 7] and superconducting systems
[10]. Most theoretical proposals and experimental re-
alizations are focused on engineering zero temperature
reservoirs, since they can lead to the production and pro-
tection of pure states. For finite temperature, the effects
of a local thermal reservoir in an initially prepared en-
tangled state were studied in [13].
The steady state of a finite temperature reservoir is
mixed. Finite temperature reservoir engineering can lead
to the production and protection of mixed states with
interesting entanglement properties, a problem that re-
mains unexploited in the literature. Nevertheless, there
are a number of interesting and unusual entanglement
properties that engineered thermal reservoir can help to
reveal and fully exploit for applications. One example
is thermal entangled states, states that are separable at
zero temperature, but entangled at finite temperature
[14, 15]. They are the eigenstates of a strongly inter-
acting spin system coupled to a reservoir that, due to
the strongly interacting Hamiltonian, is non-local, i.e. it
acts in many spins at the same time. Experimental ob-
servation of thermal entanglement is possible in strongly
interacting many body systems [16–20]. However, in such
systems, entanglement cannot be extracted and used as
a resource for quantum based protocols. Moreover, the
system-reservoir Hamiltonian is fixed by the specific ma-
terial under study, and cannot be engineered and con-
trolled. As a matter of fact, engineering system-reservoir
couplings leading to the controllable production of ther-
mal entanglement can provide a tool to better understand
the complex structure of the many-body systems where
it can be experimentally observed, as well as its coupling
to an environment.
Another application of finite temperature reservoirs
lies in the study of the behavior of entanglement in the
presence of dissipation. It was shown in [21–23] that some
two-qubit entangled states, in the presence of a zero tem-
perature reservoir independently coupled to each qubit,
completely disentangle at finite time. In [24], the case
of finite temperature reservoirs was theoretically stud-
ied, and it was shown that almost all states display finite
time disentanglement for finite temperature. However,
no experimental evidence of this fact was provided so far,
and finite temperature reservoir engineering is certainly
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2an important tool towards this goal, as well as to the
environment induced appearance of entanglement [25].
Finally, quantum reservoir engineering at finite temper-
atures can find applications in simulating in more realis-
tic scenarii of quantum transport problems [26, 27] and
in providing an environment to the study of quantum
thermodynamics [28]. The realization of finite temper-
ature engineered reservoir will lead to the experimental
evidencing of a broader collection of unusual quantum
phenomena connecting entanglement and temperature.
In the present contribution, we provide theoretical pro-
posals leading to finite temperature reservoir engineering
which are well adapted to the state-of-the art of different
set-ups successfully used to demonstrate quantum pro-
tocols. We detail these ideas for a trapped ion system
and in [30] we show how to implement them using dif-
ferent modes of single photons. Extending the proposed
ideas to other set-ups, as superconducting qubits, is also
possible, but will not be detailed here [10].
From an Hamiltonian describing the coupling between
the system and an environment at temperature T we can
trace out the environment degrees of freedom in the Born-
Markov limit supposing that system and environment are
uncorrelated at initial time t = 0. This leads to a master
equation ( Lindblad equation [31]) governing the dynam-
ics of the system’s reduced density matrix, ρˆ:
˙ˆρ =
N∑
i=1
Γ
(
n¯i + 1
)(
cˆiρˆcˆ
†
i −
1
2
{
cˆ†i cˆi, ρˆ
})
+
N∑
i=1
Γ n¯i
(
cˆ†i ρˆcˆi −
1
2
{
cˆicˆ
†
i , ρˆ
})
, (1)
where ρˆ is composed by N sub-systems that are in-
dependently coupled to the reservoir. In the present
manuscript, we will consider that each subsystem is a
qubit. The operators cˆi, cˆ
†
i , also called jump operators
[32], act independently on each qubit, and describe the
action of the environment to the system. Γ is a rate re-
lated to the system–reservoir coupling constant, and will
be supposed to be the same for each sub-system. n¯i is a
function of the reservoir’s temperature T : the reservoir
can be interpreted as composed by an infinity of harmonic
oscillators, and n¯i is the average number of quanta in the
mode resonantly coupled to the i-th qubit. In the general
case, where qubits are encoded in physical systems with
different characteristic frequencies, n¯i can depend on i to
ensure that the reservoir is at constant temperature T .
Notice that, for T = 0, n¯i = 0.
The exact form of the coupling between the system
and the environment determines operators cˆi(cˆ
†
i ) and the
steady state of Eq. (1). For T = 0, the steady states
are the eigenstates of cˆi with zero eigenvalue. For this
reason, operators cˆi play a central role in the decoherence
process and the protection or disappearance of quantum
properties [33].
The considered qubits are usually encoded on real or
artificial atomic systems, as trapped atoms and ions or
superconducting circuits. In such systems, Eq. (1) is
used to describe, for instance, the radiative atomic decay
and absorption from the reservoir, and cˆi = σˆ
(i)
− = σˆ
(i)
x −
iσˆ
(i)
y . In this case, the steady state of the system is given
by a thermal distribution, ρˆS =
1
Z
∑N
k e
−Ek/kBT |k〉〈k|,
where Z is the partition function and states {|k〉} form
the product state basis of N qubits. Ek is the energy as-
sociated to state |k〉. Such thermal distributions cure,fly
have no application in quantum information. In Fig. 1
(a), we show an example of the level scheme and energies
of a system with N = 2, together with the associated
jump operators σˆ
(i)
− (σˆ
(i)
+ ) connecting states that differ
by one excitation.
If ρˆS is a stationary state of (1), we have that ˙ˆρS = 0,
by definition. Thus, for any unitary transformation Uˆ ,
defining ˜ˆρS = Uˆ ρˆSUˆ
†, Uˆ ˙ˆρSUˆ† =
˙˜
ρˆS = 0. It follows
immediately that ˜ˆρS is a stationary state of a transformed
Lindbald equation, corresponding to applying to (1) the
substitution cˆi → Eˆi = Uˆ cˆiUˆ† and cˆ†i → Eˆ†i = Uˆ†cˆ†i Uˆ .
That is, in order to have ˜ˆρS as a stationary state, one
must simulate the non-unitary dynamics of a Lindblad
equation where Eˆi is the jump operator instead of cˆi.
Notice that while cˆi creates transitions (quantum jumps)
between states |k〉 and |k′〉 of the product state basis, Eˆi
couples states Uˆ |k〉 to Uˆ |k′〉 (and analogously for Eˆ†i ).
The transformed basis Uˆ |k〉 to Uˆ |k′〉 can be, for instance,
formed by entangled states.
An alternative description of the damping and deco-
herence process is given by the generalized amplitude
damping channel associated to Eq. (1), that is, the map
Et : ρ(t = 0) → ρ(t) = Et(ρ(t = 0)), that can be written
in terms of the Kraus operators Mˆ
(i)
j (t) as :
Et(ρˆ) =
N⊗
i
 4∑
j
Mˆ
(i)
j (t)ρˆMˆ
†(i)
j (t)
 , (2)
where Mˆ
(i)
j (t) is j-th Kraus operator described in [34, 35]
acting on the i-th qubit. Kraus operators are related to
jump operators as follows: Mˆ
(i)
2 ∝ cˆi and Mˆ (i)4 ∝ cˆ†i ,
while Mˆ
(i)
1 and Mˆ
(i)
3 represent the system’s evolution
when no quantum jumps occurs. The unitary transfor-
mation Uˆ undergone by the jump operators also applies
to Kraus operators : Mˆ
(i)
j → ˜ˆM (i)j = UˆMˆ (i)j Uˆ†. Notice
that when Uˆ is an entangling operation,
˜ˆ
M
(i)
j will act
on more than one qubit. In view of experimental imple-
mentations, the map (2) is a convenient approach, as we
detail in the following.
Thermal reservoirs with different interesting properties
can be engineered using the Kraus formalism. In order
to show this, we study as an example the basis transfor-
mation Uˆ = e−i
∑N
j gjσ
(j)
z e
−ipi4
(∑N
j=1 σˆ
(j)
+ σˆ
(j+1)
− +σˆ
(j)
− σˆ
(j+1)
+
)
3realized in a chain on N = 2 non interacting qubits.
When applied to the jump operators σˆ
(i)
± (i = 1, 2), the
considered transformation Uˆ leads to a new set of jump
operators Uˆ σˆ
(i)
− Uˆ
† = Eˆi, Uˆ σˆ
(i)
+ Uˆ
† = Eˆ†i that create tran-
sitions between entangled states. The physical meaning
of the entangling operation Uˆ is that it creates an en-
gineered reservoir where the eigenstates of the Hamil-
tonian Hˆ =
∑N
j=1 g/2
(
σˆ
(j)
+ σˆ
(j+1)
− + σˆ
(j)
− σˆ
(j+1)
+
)
are in-
dependently coupled to the environment. In the 2
qubit case, such eigenstates are given by: |0˜〉 → |0102〉,
|1˜〉 → 1√
2
(|0112〉 + i|1102〉), |2˜〉 → 1√2 (i|0112〉 + |1102〉),
|3˜〉 → |1112〉. The transformed jump operators are given
by Eˆi = (σˆ
(i)
− + i σˆ
(i)
z σˆ
(j)
− )/
√
2, i, j = 1, 2. The trans-
formed level scheme with corresponding energies and
jump operators is displayed in Fig. 1(b), and can be com-
pared to the one displayed in Fig. 1(a). We can see that,
in both cases, there are two independent reservoirs, each
of them coupling different transitions that can involve
both entangled and separable states. From the spectrum
shown in Fig. 1(b), we can see that this particular trans-
formation opens the perspective of simulating and study-
ing thermal entanglement in a controlled and systematic
way: for T = 0 and g < ωo, where ωo is the transition fre-
quency between states |0i〉 and |1i〉 (i = 1, 2), the station-
ary state (ground state) is separable, but entanglement
appears with increasing temperature. Fig. 2 displays
the dependency on T and g of a variance based entangle-
ment witness [29]: W = ∑α=x,y,z ∆(∑Ni σˆ(i)α ) ≥ N/2.
This witness, that only involves collective measurements,
was experimentally tested in solid state systems [16, 20],
whose violation also increases with temperature, contrary
to common sense. In the same Figure, we can also ob-
serve quantum phase transitions by changing the reser-
voir’s properties, or making g ≤ ωo. If g ≥ ωo, the ground
state is entangled (quantum phase transition point), and
entanglement decreases with increasing temperature. In
Fig. 10 of [30] we show the dependency of the negativity,
necessary and sufficient criterium to detect entanglement
in a bipartite qubit system, as a function of T and g as
well.
Such transformations can be implemented experimen-
tally in a variety of systems such as single photons and
trapped ions. A detailed implementation relying on the
different degrees of freedom of a single photon is pre-
sented in [30]. Below, we discuss the use of a trapped
ions system, and show a generalization of [6], leading to
the observations of the T and g dependency of entangle-
ment in a controllable and integrable quantum system.
The action of each transformed reservoir is indepen-
dently simulated and thus the protocol is split in two
parts, R1 and R2. In both of them, we make use of
auxiliary ions (ancillae) to mimic the role of the reser-
voirs. Such ancillae are prepared in judiciously chosen
mixed initial states whose degree of purity is related to
FIG. 1: Level scheme and energy of states of a 2-qubit
chain that coupled by jump operators. The arrows repre-
sent the possible transitions between the levels, governed
by the jump operators. In (a) jump operators are given
by σˆ
(1(2))
± . In(b) they are transformed by Uˆ , leading to
Eˆi = (σˆ
(i)
− + i σˆ
(i)
z σˆ
(j)
− )/
√
2, i, j = 1, 2.
the temperature of the environment. After step R1, the
ancilla is reinitialized and prepared to simulate the action
of R2. Both parts of the protocol follow exactly the same
sequence of steps, summarized in Fig. 3, differing only by
the choice of parameters involved in the interactions be-
tween each pair of ions. R1 starts with a change of basis
in the two qubit system (step S1), performed by the oper-
ator Uˆ ′† = ei
pi
4
(∑N
j σˆ
(j)
+ σˆ
(j+1)
− +σˆ
(j)
− σˆ
(j+1)
−
)
[36]. This opera-
tion can be experimentally implemented in a trapped ion
system using an entangling gate, as the celebrated gate
proposed by Sørensen and Mølmer (SM) [37] and cur-
rently used with high fidelity [38]. With such gates, col-
lective operations eiΩτ(σˆ
(1)
α +σˆ
(2)
α )
2
can be realized, where
α is an arbitrary direction in the three dimensional space,
Ω is proportional to the effective lasers-ions coupling and
τ is the laser–ion interaction time. The parameter α is
determined by the relative phases of the lasers used to
perform the SM gate. The advantage of realizing this
basis change operation is that we can now simulate the
action of a reservoir that acts locally and independently
on each qubit, where quantum jumps involve the appli-
cation of operators σˆ
(i)
± . Then, a subsequent application
of the operator Uˆ ′† will undo the basis change, and the
net effect is the perfect reproduction of the action of an
engineered reservoir where quantum jumps are realized
by the transformed operators Eˆi, Eˆ
†
i .
In a second step, S2, the ancilla ion is prepared in state
ρˆR1A = p1|0A〉〈0A| + (1 − p1)|1A〉〈1A|. Since the experi-
ment must be repeated several times to acquire statis-
tical data, this state can be prepared by using different
ancilla states, |0A〉 or |1A〉 at each run of the experiment,
respecting the required classical statistical distribution.
This statistical weight is related to the environment’s
temperature: p1 = 1 (pure reservoir state) means T = 0,
while p1 = 1/2 (completely mixed state) means T →∞.
We can thus move to step S3, that simulates the cool-
ing and heating processes. This is done using again a
SM gate. However, in this step, it couples qubit 1 to the
auxiliary ion A leading to: |01〉|1A〉 →
√
λ1(t)|01〉|1A〉 −
4FIG. 2: Violation of the variance based entanglement witness
W proposed in [29] and detailed in the text for a two–qubit
system (separability threshold equal to 1) as a function of T
and g. This witness also displays increasing violation with
temperature and is currently measured in solid state systems
with a reduced controllability. Its detailed experimental study
as a function of g and T can provide better relative violation
than computing the negativity of the density matrix [30]. It
also presents the advantage of being more adapted to large
scale systems, since it relies on collective measurements only.
√
1− λ1(t)|11〉|0A〉 and |11〉|0A〉 →
√
1− λ1(t)|11〉|0A〉+√
λ1(t)|01〉|1A〉. Notice that, in this transformation, t is
the time involved in the definition of the Kraus opera-
tors (see Eq. (2)), it corresponds to the evolution time
under the Lindblad equation (1). It should not be con-
fused with the interaction time τ needed to entangle the
qubit and the ancilla A. These two parameters relate as
follows: τ = arccos(
√
λ1(t))/Ω.
In order to close the R1 part of the protocol (S4), one
should, in principle, apply Uˆ ′ to convert the system back
to the original basis, as schematized in Fig. 3. Neverthe-
less, since the R2 starts with S1, which is an application
of operation Uˆ ′†, the combination of both steps is nothing
but the identity operation.
We can verify that after R1, reservoir and qubits are
entangled, and when tracing out the ancilla (environ-
ment) ion, one obtains exactly the four Kraus operators
associated to a thermal reservoir. In order to realize R2,
one can either add another ancilla ion, playing a role
analogous to the previous ones, or reinitialize the already
used ions, preparing them in a state convenient to the re-
alization of R2.
State reinitialization can be achieved through the fol-
lowing sequence, experimentally realized in [6]: the phys-
ical state |1A〉 encoding quantum information and used
as ancilla is a long-lived internal states. However, it can
be coupled to unstable states that rapidly spontaneously
decay to state |0A〉. In this effective incoherent process,
the information encoded in the ancilla ions is transmit-
ted, through spontaneous emission, to the “real” macro-
scopic environment, so the non-unitary character of the
S1
qubit 2
Preparation of the 
reservoir 
qubit 1
ancilla A
S2
Change of basis Action of the reservoir
S3 S4
Change of basis
T
Uˆ 0†
t
qubit 2
qubit 1
ancilla A
} ⇢ˆ
Uˆ 0
FIG. 3: Schematic representation of the proposed thermal
reservoir engineering for a two–qubit system, involving the se-
quential application of two parts, R1 and R2. In the detailed
scheme, the sequence of operations involved in the realization
of R1 is shown. The sequence involved in the realization of R2
is exactly the same, with different choices of parameters. In
S1, a change of base is realized in the qubit system. Then, in
S2 the ancilla ion is prepared in a mixed state. The amount
of entanglement is related to the reservoir’s temperature: a
separable state corresponds to T = 0 while a maximally en-
tangled state to T → ∞. S3 simulates the action of a local
thermal reservoir on qubit 1 using a SM gate. The duration
of this gate, and consequently, the amount of entanglement
it creates, is related to the effective time elapsed since the
system was coupled to the reservoir and started to control-
lably “decohere”. If the gate realizes a “pi pulse”, we have
the equivalent to the production of the steady state of the
system (t → ∞). In S4, the basis change is undone. After
the successive application of R1 and R2, measurement of the
two-qubit state leads to the density matrix that would have
been obtained by solving (1) with cˆi → Eˆi and cˆ†i → Eˆ†i .
evolution of the two-bit system is preserved, even though
the ancilla ion is in state |0A〉, so not entangled to the
qubits anymore.
From such a reinitialized state, we can now prepare
the ancilla in state ρˆR2A = p2|0A〉〈0A| + (1 − p2)|1A〉〈1A|
using the same procedure and follow exactly the same
prescription as in R1, replacing λ1(t) by λ2(t).
After the action of R1 and R2, by judiciously choos-
ing pj =
n¯j+1
2n¯j+1
=
(
e
−ωo+(−1)jgkBT + 1
)−1
and λj(t) =
1− e−Γ(2n¯j+1)t, j = 1, 2 we have that the two qubit state
is prepared in a mixed state. It corresponds to the solu-
tion of a Lindblad equation describing its coupling to an
engineered reservoir with exotic, experimentally chosen,
properties.
Scaling of the presented protocol is possible, at the
expense of either reinitializing ancillae a number of times
that scales linearly with the number of qubits N or by
adding a number of ancillae ions that also scales linearly
with N .
In conclusion, we proposed a method to engineer quan-
tum markovian reservoirs at finite temperature and illus-
5trated it by showing how to engineer a reservoir leading to
a steady state displaying thermal entanglement, for some
choices of parameters. Other choices of parameters and
entangling transformations can be made, leading to the
engineering of finite temperature reservoirs with different
asymptotic properties. Finite temperature reservoir engi-
neering in controllable and integrable quantum systems,
as trapped ions, superconducting systems and single pho-
tons, opens the perspective to a deeper experimental
study of the entanglement dynamics dependency with
temperature, and all the related surprising and counter-
intuitive phenomena that remained unexploited so far.
The experimental implementation of the suggested pro-
tocols is within immediate reach in different experimental
set-ups using current technology.
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